Introduction
The sea-surface reflection generates interferences between up-and down-going waves that ultimately limit the bandwidth of marine seismic data. This phenomenon, known as ghosting, actually occurs twice: on the source side and on the receiver side. Ghost attenuation or elimination, to increase the signal bandwidth, has been the focus of extensive research. The receiver ghost can be removed using dual-sensor ocean-bottom devices (Barr and Sanders, 1989) or a dual-sensor towed streamer (Carlson et al., 2007) or an over/under streamer acquisition (Brink and Svendsen, 1987) . The over/under technique can also be used to remove the source ghost (Moldoveanu, 2000) but it requires flip-flop shooting of two sources at two different depths, which ultimately halves the survey shot-point density.
Alternatively, the source ghost can be attenuated using a beam steering technique originally developed some 60 years ago for dynamite land acquisition (Shock, 1950) . The principle is to detonate charges at various depths in a sequence that constructively builds the down-going wave at the expense of the up-going wave. This way the energy of the ghost (surface-reflected up-going wave) is reduced compared to that of the primary pulse. There are two major drawbacks with this technique: the unknown and variable speed of sound in the near-surface, and the accuracy of the detonations' timing. The first hurdle was addressed by in situ measurements prior to the survey, and the second by looping around Primacord so that the apparent detonation speed matched the formation velocity (Martner and Silverman, 1962) .
In this paper we adapt the beam steering approach to airgun arrays in the marine environment. We place guns, clusters of guns or sub-arrays at different depths and fire them sequentially. Contrary to the land dynamite case, the speed of sound in water is well known and varies little at the depth considered, and the trigger-time accuracy is in the order of a fraction of a millisecond. This technique is quite straightforward to implement and requires only minor modifications of the existing gun arrays. However, the associated radiation patterns are not isotropic and need to be carefully analyzed. Contrary to the source over/under approach, the shot-point density is the same as for a regular survey. 
Principles of multi-level source acquisition
A conventional airgun array is made of several sub-arrays each containing a number of guns, or clusters of guns. All guns are at the same depth (typically between 5 and 10 meters) and fire at the same time. This provides constructive down-going energy but also constructive upgoing energy (Figure 1 ). Therefore the ghost has the same energy as the direct wave. The st EAGE Conference & Exhibition -Amsterdam, The Netherlands, 8 -11 June 2009 multi-level source concept puts guns, clusters or sub-arrays at different depths and fires them sequentially so that only the down-going waves builds up constructively. The up-going wave does not build constructively and the ghost effects are consequently reduced. Figure 2 shows the ghost signatures for the two schematic sources represented in Figure 1 (assuming a nominal depth of 7.5m). The multi-level source displays a longer and lower-amplitude ghost arrival. Its amplitude spectrum is flatter than for a conventional source: more extended towards the high and low frequencies but trimmed in the mid-frequency range. This is what we should expect from deghosting: on the one hand we fill the notches created by the ghost, but on the other hand we no longer benefit from the boosting effect at other frequencies.
Figure 2 Ghost signatures for the standard (blue) and multi-level (red) sources of Figure 1. The multi-level ghost has three lower-amplitude arrivals. Its corresponding spectrum shows more energy in the high and low frequencies, but less in the mid-frequency range.
An important issue to consider with the multi-level source is the radiation pattern. The geometry used in Figure 1 clearly shows that a direction other than down-going also benefits from the beam steering. That constructive energy in the upper-right corner of the last panel could be eliminated by changing the gun pattern: switching the depth and firing time of the two first guns for example. However, this would simply displace the problem as another direction will be favored by the new beam steering geometry. Although conventional source arrays also have a radiation pattern and are far from being isotropic, this issue is more pronounced with the multi-level source. Array modeling is required to ensure the spectral benefits are not offset by unintended consequences.
Beyond the change in ghost behavior, the airgun signature is also affected by the new design. First, the source ghost is an effective attenuator of bubble pulses. Consequently, we expect the multi-level source to deliver a lower peak-to-bubble ratio (PTB) than a conventional source. Second, since the guns are towed deeper they operate under higher hydrostatic pressure, which reduces the size of their bubble. Smaller bubbles mean less low frequency content, which can partly offset the gains shown in Figure 2 . Third, the reduced diversity in bubble sizes means less flexibility in array design and bubble pulse attenuation. Therefore, modeling is the key to ensuring an effective multi-level source array design.
Case study in the Southern Browse Basin, Australia
This basin is characterized by the presence of a strong carbonate reflector that, at places, prevents seismic wave penetration. This means that deeper events tend to appear and disappear depending on the impedance and shape of this carbonate layer. To try and resolve this problem, a 100km 2D seismic line was acquired three times in a spatially-coincident manner during 2007 and 2008. The first acquisition was with a conventional source and a conventional solid streamer, the second with a conventional source and a dual-sensor streamer and the third with a multi-level source and a dual-sensor streamer. The combination of multilevel source and dual-sensor streamer gives the best opportunity to emit and recover the low frequencies that will help image the deep events. The conventional and dual-sensor streamers were towed at 7m and 15m respectively. The conventional source used in the survey was made of four sub-arrays towed at 6m totaling 2980cu.in. The multi-level source simply consisted in lowering two sub-arrays at 12m and the remaining two at 18m. The 6m separation corresponds to a 4ms firing delay between the upper and lower arrays. Figure 3 shows a schematic rendition of the two port sub-arrays. The starboard sub-arrays are the mirror image, meaning that the source had a symmetrical pattern in the cross-line direction (although this was of little concern for this 2D acquisition). Figure 4 shows the modeled source signature. It exhibits a significant energy uplift in the low frequencies and an energy loss in the mid-frequency range, as expected from Figure 2 . Note that in this case the bubble reduction imposed by the deep tow has less effect on low frequencies than the boost generated by ghost attenuation. Note also that the array separation is in this case identical to the conventional source depth, which explains why both source signatures exhibit a notch at 125Hz. shows data quality somewhere between the two images of Figure 5 . Thus the improved penetration and deep resolution experienced with the new acquisition is due to both the multi-level source and the dual-sensor recording. Note that the two sections below were imaged using a single velocity field, which was built from the multi-level source dual-sensor data. It was virtually impossible to pick a deep velocity trend using the conventional data because of the weak reflections ( Figure 6 ). The deep trend can be picked unambiguously with the new acquisition. 
Conclusions
The multi-level source is a rather simple concept that consists in placing guns, clusters of guns or sub-arrays at different depths and firing them in a sequence that builds the downgoing wave at the expense of the up-going wave. The source ghost (reflected up-going wave) is therefore attenuated, which benefits low frequencies but somewhat attenuates the midfrequency range. The multi-level source should therefore be used when there is a need for low frequencies, such as for sub-salt, sub-basalt or sub-carbonate imaging. Also, the new arrangement of the guns creates an unusual radiation pattern that needs to be studied carefully to avoid unintended consequences. Extensive modeling must be done to achieve optimum disposition of the guns. In the first experiment we carried out (Browse Basin, Australia) we simply lowered the sub-arrays, without re-arranging the guns, to test the concept. The resulting amplitude spectrum matched the modeled source spectrum, and the data showed clearly improved images below a highly reflective carbonate layer. We have therefore achieved increased seismic penetration in a rather simple and efficient way.
